Microarray-hybridization specificity is one of the main effectors of microarray result quality. In the present review, we suggest a definition for specificity that spans four hybridization levels, from the single probe to the microarray platform. For increased hybridization specificity, it is important to quantify the extent of the specificity at each of these levels, and correct the data accordingly. We outline possible effects of low hybridization specificity on the obtained results and list possible effectors of hybridization specificity. In addition, we discuss several studies in which theoretical approaches, empirical means or data filtration were used to identify specificity effectors, and increase the specificity of the hybridization results. However, these various approaches may not yet provide an ultimate solution; rather, further tool development is needed to enhance microarray-hybridization specificity.
INTRODUCTION
DNA microarray technology has evolved rapidly in the last 10 years. This technology enables conducting experiments that quantify gene expression on a large scale. As a result, functions have been assigned to previously unannotated genes and genes have been grouped into functional pathways (1, 2) . Nevertheless, a strict examination of this technology reveals that in some cases only limited data are produced.
For example, by comparing results from different microarray technologies, a significant difference was shown in the number of differentially expressed genes detected (3, 4) . Also, different platforms have been shown to possess large variance in reproducibility between replicates, large variance in sensitivity to fluctuations in messenger copy number and variations in accuracy measured relative to real-time PCR (3, 5) . As a result, for example, multigenic disease classifiers that predict the clinical outcome of a particular disease, detected across microarray technologies, do not seem to be consistent (6) (7) (8) . This inconsistency impairs the reliability of DNA microarrays as a diagnostic tool.
The discrepancies in microarray results are a consequence of differences in microarray measures, such as accuracy [i.e. 'the degree of conformity of the measured quantity to its actual (true) value'; (6)], sensitivity [i.e. 'the concentration range of target molecules in which accurate measurements can be made'; (6) ], reproducibility [i.e. 'the degree to which repeated measurements of the same quantity will show the same or similar results'; (6) ] and specificity [i.e. 'the ability of a probe to provide a signal that is influenced only by the presence of the target molecule'; (6) ].
Accuracy, sensitivity and reproducibility may be affected by several effectors. These measures and their effectors are discussed by Dufva (9) and Draghici et al. (6) , and will not be detailed here. An example for an effector of sensitivity, reproducibility and accuracy is the type of microarray platform (Box 1): oligonucleotide arrays have been found to be more reproducible and sensitive than cDNA arrays (3) , and some oligonucleotide arrays have been found to be more accurate than others (5) . Sensitivity is also affected by probe density (i.e. the number of different probes that are fabricated in a given area), which has been shown to be an effector for the availability of probes for hybridization (9, 10) ; this availability may also be affected by the steric restrictions imposed by the solid microarray surface (11) . A higher availability of probes for hybridization has been demonstrated to increase sensitivity (12) . In addition, sensitivity is affected by the hybridization signal-to-noise ratio (i.e. the ratio between the spot signal and that of the background): a low background increases microarray hybridization sensitivity (13) .
Low specificity of microarray hybridizations has been suggested to be one of the prime measures affecting discrepancies in gene-expression profiles between different probes targeting the same region of a given transcript (6, (14) (15) (16) (17) or between different microarray platforms (18) (19) (20) ; in the present review, we will highlight the issue of microarray-hybridization specificity as a key measure that once improved, may increase the validity of microarray results.
Microarrays consist of multiple probes. Hence, a prime key for specificity during microarray hybridization, for either short-oligomer or cDNA microarrays (Box 1), is the ability of the probe to discriminate between different target molecules.
Probes are designed to be complementary to the target molecule according to the Watson-Crick rules of binding. Therefore, a probe with high specificity to its target molecule should provide a signal influenced only by the presence of the target molecule. Nevertheless, a perfect match in terms of sequence-similarity-based complementarity between a probe and its target molecule does not guarantee specificity. This is due to the presence of thousands of target molecules during microarray hybridization-each target molecule being composed of tens of hundreds or thousands of four-nucleotide bases, and to the effect of different effectors (discussed subsequently) of hybridization specificity, which may alter the ability of a probe to bind to a target molecule. Hence, there is often some degree of microarray-probe hybridization to a target molecule which is not strictly complementary to it or vice versa, a variable number of target molecules that are hybridized to a microarray probe which is not exactly complementary to them.
It should be noted that the requirement of microarrayhybridization specificity may vary among studies, i.e. it may be dictated by the study application. Usually, a high level of hybridization specificity is required; for example, different transcripts are sought to discriminate between different members of a gene family for their quantification (15) . An altered specificity requirement is given in the form of cross-species hybridization (CSH) studies (21) , in which the target molecules and microarray probe are from different species. In these studies, on the one hand, there is a need to separate between two effectors of reduced hybridization specificity: gene expression and sequence differences (21) . On the other, during CSH, nonspecific hybridization is required for the identification of crossspecies genes [e.g. putative homologous or orthologous genes (22) (23) (24) (25) (26) ].
In the present review, we define hybridization specificity across four levels of hybridization: the single probe, the single spot, the spot-set and the microarray platform. We then outline the possible effects of low hybridization specificity at each of these specificity levels on the obtained biological results. Next, effectors of hybridization specificity are discussed from two different vantage points: in the first, hybridization-specificity effectors defined in multiple studies are listed and their effects on specificity presented. In the second, different approaches to coping with hybridization specificity are discussed using example studies; these approaches include theoretical studies, empirical means or data filtration, aimed at defining and modeling effectors of hybridization specificity, and at increasing specificity of the hybridization results.
FOUR LEVELS OF HYBRIDIZATION SPECIFICITY
We define four levels of hybridization specificity in the context of microarray hybridization. The first is of hybridization between a single probe molecule and a single target molecule ( Figure 1A ). The two molecules may exhibit perfect hybridization (Figure 1Ai ), partial hybridization (i.e. the target molecule is only partially hybridized to the probe; Figure 1Aii ) or no hybridization (Figure 1Aiii) .
The second level of specificity is of a spot ( Figure 1B ). At this level, multiple probe molecules that compose one spot are hybridized to multiple target molecules. The spot probes may exhibit perfect, partial or no hybridization with the target molecules (Figure 1Bi , Figure 1Bii and Figure 1Biii , respectively). Notably, at this level, partial hybridization may have one or both of two forms: only some of the probes may be hybridized to the target molecule, or probes may be hybridized to only some of the target molecules. This partial hybridization, at the spot level, may be a result of cross-hybridization (i.e. hybridization between sequences that are not strictly Most of the studies on hybridization specificity have been performed on two types of microarrays: short-oligomer microarrays (e.g. Affymetrix Genechips Õ , NimbleGen Õ , Agilent Õ and Febit Õ ), and long-probe microarrays, i.e. cDNA microarrays, with probes of up to a few hundreds bases in length.
Short-oligomer microarrays may be either custom-designed or ready-made. Some of the array types are fabricated in situ, on the microarray slide (e.g. Affymetrix), whereas other types are spotted (e.g. Agilent). Probe design varies among microarrays. Some of the short-oligomer microarrays might contain oligomers arranged as probe-sets for the detection of target molecules of a single reference sequence, some of the probes within a probe-set are designed to detect a target molecule via its different segments. In some of the microarrays, spot-sets include also 'probe-pairs', (e.g. Affymetrix microarrays), each probe pair consists of perfect match (PM) and mismatch (MM) probes; the PM probe is designed to be complementary to a reference sequence; the MM probe is designed to be complementary to the reference sequence except for a one-base mismatch. Long-probe microarrays, like the cDNA microarrays, are usually designed such that one probe (cDNA clone) detects one complementary transcript. Usually, in cDNA microarrays, each target gene is represented by more than one cDNA spot.
The number of samples simultaneously hybridized to the microarrays might be either one or two; either absolute or comparative amounts of the target molecules are determined, respectively. For dual-color microarrays (e.g. NimbleGen, cDNA arrays), cohybridization is performed for two samples labeled with two different (fluorescent) colors. Hence, a scanned image of the microarray chip is generated for each color, and is used for comparative quantification of the target molecules. For Affymetrix arrays, quantification of target molecules is based on one color and produces absolute measures of target-molecule quantities.
complementary; Figure 1Biv ), due to the presence and hybridization of nontarget molecules with sequences similar to that of the spot probes. Since a spot is composed of multiple probes, a single spot may simultaneously bear all combinations of one to four of the presented probe-target molecule types of binding.
The third level of specificity is of a spot-set [or, in Affymetrix terminology, 'probe-set' (Box 1); Figure 1C ], in which multiple spots represent different segments of the same reference sequence (e.g. different exons of a gene). At this level, different spots of a spot-set may exhibit perfect hybridization with the target molecule ( Figure 1Ci ); partial hybridization with the target molecule (Figure 1Cii ) due to the presence of probes with mismatches to the target molecule as a result of, for example, an annotation error in the gene sequence, or intended mismatches introduced to quantify nonspecific hybridization; no hybridization ( Figure 1Ciii ) due to, for example, alternative splicing of a transcript, leading to probes with no match to the target molecule; crosshybridization (Figure 1Civ ) due to, for example, a spot, within a spot-set that represents an evolutionarily conserved gene segment, which hybridizes with nontarget molecules derived from various gene-family members.
The fourth level of specificity is that of the microarray, in which a variable number of spot-sets may exhibit different forms of hybridization with target sequences ( Figure 1D ): perfect hybridization (i.e. all target molecules are hybridized to their representative spot-sets and all spot-sets are hybridized to the target molecules they represent), partial hybridization in either direction, no hybridization (i.e. target molecules are not hybridized to any spot-set or spotsets do not match any target molecules) or crosshybridization (e.g. target molecules of different genes hybridize to the same spot-set or target molecules of a particular gene hybridize to several different genes' spotsets). These different forms may exist for a large number of different target molecules or spot-sets.
EFFECTS OF LOW HYBRIDIZATION SPECIFICITY ON THE OBTAINED BIOLOGICAL RESULTS
Low specificity at any of the four levels may affect the obtained biological results: an effect of low specificity at lower levels accumulates and influences the results at higher levels. For example, a single spot, which contains multiple probes, may simultaneously possess probes that are perfectly hybridized to the target sequence, probes that are partially hybridized, e.g. by cross-hybridization to nontarget molecules, and probes that are not hybridized to a target molecule. Hence, a combination of high-and lowspecificity hybridizations may compose a spot signal, leading to only a poor reflection of the target molecule amount.
At the spot-set level, variation between spot hybridizations might lead to a condition in which some of the spots are perfectly hybridized with the target molecules and some are partially hybridized with the target molecules. Since a target molecule's concentration at the spot-set level is determined as the average of the spot-set's signal, results can be incorrect (i.e. lower than the true target molecule concentration; see, for example, reference 27). Once spots are hybridized by cross-hybridization, competition may occur: on the one hand, nontarget molecules that are hybridized by cross-hybridization to a spot-set may be less available to their target spot-set; on the other, they may block the cross-hybridized spot-set probes for specific hybridization with target molecules. As a result, spurious results for both involved spot-sets are expected.
At the microarray level, cumulative effects of partial hybridization, cross-hybridization and no hybridization may dramatically alter the genome-scale results obtained for an experiment. This has been evidenced by the differences in gene-expression profiles demonstrated between high hybridization specificity [of species-specific hybridization (SSH)] and low hybridization specificity (of CSH) results, for the same RNA sample (28) .
Notably, the various levels and forms of hybridization specificity described above exist in a steady state, attained as a result of the effect of several effectors of microarrayhybridization specificity. These effectors are presented subsequently. 
CATEGORIES AND EFFECTORS OF HYBRIDIZATION SPECIFICITY
Effectors of hybridization specificity have been previously recognized for nucleic acid hybridization, for a single or only a few probe identities [such as those used for Southern procedures; (29)]. Taking into account the multiple probes composing a microarray, a number of these probes are likely to hybridize by nonspecific hybridization; this leads to reduced specificity of microarray hybridization which does not exist for a single or only a few probe identities. Hence, multiple effectors of microarray-hybridization specificity should be considered; these are presented below. Microarray-hybridization specificity can be divided into two categories with respect to associated effectors: the first includes the sequences of the probes and target molecules, and the second, the hybridization kinetics.
Sequences of probes and target molecules
Underlying the hybridization between a probe and a target molecule is the sequence complementarity between them. Effectors in this category include:
(i) The level of matching between probe and target molecules (13, 21, 28, 30) -here, although a clear-cut threshold may be difficult to define (28, 31) , in general, a higher level of matching between probe and target molecule enhances hybridization specificity. (ii) The length of the probe-short probes have higher specificity than longer ones (13) . (iii) The G and C content-an increase in G and C content increases hybridization specificity (13, 32) . (iv) The primary molecular interactions that the probe may form with itself-increased thermodynamic stability of a probe's secondary structures with itself reduces hybridization specificity (33) . (v) The length and composition of the contig formed during hybridization-Chen et al. (34) suggest that increased continuity of base pairs between probe and target sequences (i.e. pairing segments) increases specificity; He et al. (30) suggest that to achieve higher hybridization specificity, nonspecific hybridization stretches should be kept to a minimum. (vi) Neighboring bases along the probe and target molecule sequences-thermodynamic parameters for each two neighboring bases were established for DNA Watson-Crick paring (summarized in reference 32). The nearest-neighbor modeling was shown to predict hybridization and melting for DNA and RNA sequences (35) . Moreover, based on nearest-neighbor modeling, the binding free energy for a probe and target molecule was calculated, using established thermodynamic parameters, and was shown to be an effector of hybridization specificity (30) . (vii) The position of matching (or mismatching) between probe and target molecules-the closing WatsonCrick pair on the mismatch, and its orientation has a large effect on hybridization. Some of the studies are summarized in reference 32: the nearest-neighbor model may be extended to include the effect of neighboring base pairs (as thermodynamic parameters) for interactions between mismatches (32). In addition, internal mismatches may be thermodynamically either hybridization stabilizing or hybridization destabilizing, whereas all terminal mismatches are thermodynamically hybridization stabilizing (summarized in reference 32). Accordingly, mismatches at the center of the probe are more discriminating (i.e. have a stronger effect on specificity) than those at the ends of the probe (36) . However, probes with segments complementary to segments at either end of the target molecule are suggested to have higher specificity than those that are complementary to segments within the central portion of the target molecule (13). He et al. (30) suggest that for higher specificity, i.e. to reduce nonspecific hybridization, the nonspecific hybridization stretches should be evenly distributed within the oligo probe.
Hybridization kinetics
The kinetics of hybridization depends on the quantity of target and nontarget molecules, the duration of hybridization and prehybridization and the input of energy, in the form of hybridization temperature. Also, hybridization solution mixing influences hybridization kinetics.
Quantity of target and nontarget molecules. Increasing sample complexity has been shown by Wick et al. (37) to lead to an increase in signal resulting from incorrect complexes of probes and nontarget molecules (i.e. hybridized by cross-hybridization), and to a decrease in signal resulting from correct hybridization complexes. Hence, an increase in the amount of nontarget molecules reduces specificity.
Duration of hybridization and prehybridization. Correct and incorrect spot hybridization have different hybridization kinetics: as a result of a mismatch to the probe, nontarget molecules are less strongly bound and therefore dissociate faster (36, 38) . Since a nontarget molecule dissociates from a hybridized probe faster than a target molecule, increased specificity is achieved with increased hybridization time (12, 39, 40) . For the same reason, a short period of posthybridization washing, which allows dissociation of many of the incorrect complexes and only a few of the correct complexes, results in higher specificity (38) . Based on the kinetics of association and dissociation, two hybridization phases are defined by Bishop et al. (41) . In each phase, there are certain effects of the competition between different target molecules hybridized to the same spot: during 'phase I' of hybridization, there is a reduction in binding sites due to hybridization of multiple targets; during 'phase II', there is displacement of lower affinity targets by higher affinity ones (41) .
Input of energy in the form of hybridization temperature. The kinetics of association or dissociation of correct and incorrect probe-target molecule complexes has been shown to be a function of the temperature of the hybridization or posthybridization washing (37) .
Hybridization solution mixing. Mixing the hybridization solution during microarray hybridization leads to a higher specificity of hybridization (42, 43) . This conclusion was deduced from lower signal read from negative controls obtained by a mixing hybridization method in comparison to that obtained by a static hybridization method (42) , and following examination of the effect of degree-of-mixing during hybridization on the discrimination between perfect and mismatch duplexes (43) .
In summary, hybridization specificity is influenced by various specificity effectors; however, none of these effectors stands alone. Rather, specificity effectors are interconnected ( Figure 2) ; effectors in the 'sequence of probe and target molecule' category are associated with the effectors of the 'hybridization kinetics' category. For example, sequence identity is associated with the quantity of target molecules: an increase in nontarget molecules reduces specificity (37) . In addition, the kinetics is different for different matching between a probe and target molecule (38) , whereas the kinetics of association or dissociation of probe and target molecule is dependent on the quantity of target molecules (38) .
Dimensions of specificity
For a thorough consideration of microarray-hybridization specificity, the above-described specificity effectors should be considered in association with the level of specificity and the procedural stages taken for microarray hybridization: probe design prehybridization, hybridization and posthybridization washing or data analysis.
Each of the specificity effectors may directly affect specificity at one of the specificity levels, and as a result, influence other specificity levels as well. For example: effectors of probe sequence, such as the position of match (or mismatch) between probe and target molecule, although determined at the probe level, may influence the signal, obtained at the spot level. This signal may be different between spot-sets, as each spot may contain probes with a certain position of matching, which differs between spots. Hence, matching position may influence the spot-set specificity level as well; differences implicated at the spot-set level may affect result specificity at the microarray level (discussed above).
Quantity of target molecule [37] Kinetics of hybridization Sample complexity [37] Mixing of hybridization solution [42] Temperature of hybridization or post hybridization washing [37] Duration of procedure taken (hybridization or post-hybridization washing) [12, [38] [39] [40] 
Sequence of probe and target molecule
Neighboring bases along the probe and target molecule sequences [35, 32] Probe and target GC content [13] The length of probe [13] Probe inter-molecular and probe-target molecule paring [33] Sequence identity between probe and target molecule [28, 30] Contiguous base-pair between probe and target molecule [30] The position of matching between probe and target molecules [13, 30] Each of the effectors, at a certain specificity level, may reach a steady state, during one or more of the procedural stages taken for microarray hybridization. For example, the differences in hybridization kinetics of correct and incorrect complexes influence the specificity of the results during both hybridization and posthybridization washing (12, 38, 39, 42, 43) . Another example is for effectors in the category of 'probe sequence' (e.g. sequence identity between probe and target molecule): these should be considered in both probe design prehybridization and probe filtration posthybridization.
Hence, all three dimensions, namely specificity effectors, levels of specificity and the procedural stages taken, comprise the space in which microarray-hybridization specificity should be considered.
STUDIES OF SPECIFICITY
With the aim of understanding and quantifying microarray-hybridization specificity, studies have either modeled various effectors or used empirical means to quantify them. Other studies have applied data filtration, based on some specificity effectors, for increased specificity of the obtained results. Examples of these studies are presented subsequently.
Theoretical studies of specificity
Modeling is a challenging task, designed to lead to an understanding of the phenomenon being modeled. A good model for hybridization specificity should, on the one hand, incorporate all of the hybridization-specificity effectors (outlined above) that affect the hybridization results, such that a prediction of target molecule concentration can be obtained up to inherent measurement noise (44) (45) (46) . On the other hand, modeling should avoid over-parameterization (47) , i.e. the number of parameters should be large enough to represent effectors of the study process, but small enough to allow generalizations.
Multiple studies have modeled specificity effectors (13, 34, 36, 44, (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) (57) (58) (59) (60) (61) (62) (63) . However, these studies include only some of the specificity effectors, and examine only a certain level of specificity. In the following, we outline several of these studies as examples of evaluations of hybridization specificity by modeling. Modeling specificity at the probe level. As already detailed, this first level of specificity underlies all other specificity levels. Hence, its modeling may lead to a better understanding of hybridization specificity. Many of the studies modeling specificity at this level include some of the specificity effectors, in different combinations, for modeling and quantification. None, however, include all effectors, from all different categories, for specificity quantification. Three example studies are presented here, demonstrating the modeling of effectors from different categories.
The Carlon and Heim (48) model combined two specificity effectors: the position of matching and mismatching between probe and target molecule and the molecular structures that may be formed during hybridization for a target molecule. They also included the stacking free energy of neighboring bases (all are effectors of the 'sequence of probe and target molecule' category). Their model had an advantage over others (50) , in that it included the free-energy parameters of formation of RNA/DNA and RNA/RNA duplexes in solution, rather than DNA/DNA, for both perfect-match (PM) and mismatch (MM) probes (Box 1); hence, the model could potentially reflect, at least for expression arrays, hybridization between DNA probe and RNA target molecule or two RNA target molecules. Their model was able to quantify target molecule concentration.
Rather than considering two molecules (probe and target) in solution, Jayaraman et al.' s (13) study simulated the association between a single molecule attached to a hard surface and a single molecule in solution; the latter association could potentially represent microarray hybridization of a single probe and a single target molecule. Of the specificity effectors, they examined the length of the probe and the region of match or mismatch along the target and probe molecules (from the 'sequence of probe and target molecule' category), and were able to define effects of the examined effectors on hybridization specificity.
The above models took into account only the parameters of the association, during hybridization, between probe and target molecules. In contrast, Held et al. (44) included in their model the kinetics of association of a probe and a target molecule during hybridization and the kinetics of dissociation of a probe and a target molecule during posthybridization washing, for accurate predictions of gene-expression results. Their model was able to predict target molecule concentrations. Modeling specificity at the spot level. The probe-level models are based on signals that are usually detected at the spot level. Hence, these two levels of specificity, namely probe and spot, may not be easily separated. Nevertheless, to the best of our knowledge, no model of hybridization specificity has yet been developed especially for the spot level.
Modeling specificity at the spot-set level. The specificity level of the probe-set comprises a well-defined level for the determination of hybridization specificity. This is because the presence of matched and mismatched spot pairs are designed (e.g. by Affymetrix) to confer a measurement of hybridization specificity, as demonstrated in the following example study.
Wu et al. (36) assessed the effect of the free-energy cost of hybridization of perfectly matched and mismatched probe pairs (from the 'sequence of probe and target molecule' category) on hybridization specificity. They showed that, for probe pairs, the energy cost of nonspecific hybridization is much higher than that for specific hybridization. Consequently, they concluded that it would seem to be unreliable to use MM probe signals to track cross-hybridizing signals on a paired, PM probe. Modeling specificity at the microarray level. Models at the microarray level of specificity consider effectors of hybridization specificity that are present once multiple probes are attached to a platform. This level of specificity is complex, since it includes effects of low specificity from all underlying specificity levels (discussed in the section 'Effects of low hybridization specificity on the obtained biological results'). Nevertheless, the extraction of biological results is usually based on this level of microarray specificity; hence, its improvement may have a practical effect on the quality of experimental conclusions.
The example presented here used Bayesian statistical modeling to examine the probability of multiple target molecules binding to a particular spot-set, for all spot-sets of the microarray, as a way of quantifying the initial amounts of RNA (54) . These authors modeled hybridization specificity, excluding probe and target molecule sequence information, and examined, as effectors of hybridization, most of the procedural steps involved in the use of microarrays. Effectors included sample purity, array, pen, probe quantity, probe identification and probe length; only some of these (such as probe length) are effectors of specificity. Others (such as the pen used) are more likely to affect other measures of microarray hybridization, such as accuracy and reproducibility (detailed in the 'Introduction' section). A quantitative PCR supported their model (54) .
In summary, modeling hybridization specificity by its effectors has led to a characterization of the effect of different specificity effectors, and in some cases, to predictions, to some extent, of target molecule amounts. However, Pozhitkov et al. (64) demonstrated only a partial predictive value for the modeling of various effectors of specificity, such as free energy of probe and target molecule hybridization and free energy of intramolecular folding: three nearest-neighbor models, modeling the various specificity effectors, only poorly explained the relationship between free-energy terms and signal-intensity values.
These discrepancies in the ability of the examined models to predict signals may be due to the complexity of microarray-hybridization specificity at its various levels (discussed earlier); perhaps only a coherent and complete model of hybridization specificity at all specificity levels, which will define all specificity effectors for each of the procedural stages taken for microarray hybridization, can fully predict signals with high specificity, and lead to the elimination of low specificity effects on hybridization results. However, the demonstrated ability of the models to represent, to various extents, the amount of target molecules by considering only some of the specificity effectors, may reflect associations between the specificity effectors (discussed above and in Figure 2) . As a result of these associations, the need to include all specificity effectors may be reduced.
Empirical means for the detection of hybridization specificity
Until a coherent and complete model is created, empirical means are also needed to assess specificity. Although not meant for generalization, these may be useful as practical means of assessing specificity on a case-by-case basis. In the following, we present some examples of studies which have measured hybridization specificity by empirical means. Some of the studies (27) use solely empirical means for specificity evaluation, while others combine theoretical studies with empirical approaches (30) .
Empirical means for detecting hybridization specificity at the probe and spot levels. Empirical detection and quantification of probe hybridization is usually performed at the spot level. Hence, probe and spot levels may not be separable when empirical means are used for the quantification of target molecule amounts. Below are two example studies. Both combine the modeling of effectors at the probe level with empirical measurements of spots (30, 31) . Nevertheless, each study uses different specificity effectors and different spot measures.
He et al. (30) calculated the binding free-energy values of the probes, and correlated them to the relative signal intensity obtained for a spot. The results produced weighted parameters for each of the examined effectors (i.e. sequence identity, continuous stretch, free energy and mismatch position); these may be useful for a rational design of probes premicroarray printing, or for filtration of microarray probe hybridization data postmicroarray hybridization, for increased specificity.
Bar-Or et al.'s study (31) combined empirical detection of spot characteristics with a determination of the level of matching between probe and target molecule. These spot characteristics (e.g. spot-signal uniformity, spot dimensions), detected in an image of a scanned spotted cDNA microarray, were suggested to reflect the level of matching between probe and target molecules during CSH, establishing spot characteristics of image-quantification data as indicators of spot-level specificity during CSH.
Empirical means for detecting hybridization specificity at the spot-set level. The specificity level of the probe-set comprises a well-defined level for the determination of hybridization specificity not only because of the presence of matched and mismatched spot pairs (discussed above), but also because there are multiple spots within a spot-set, which are all designed to detect a single target molecule via its different segments. In this case, specificity may change between spots within a spot-set, as a function of, for example, degree of sequence conservation within a single gene.
For example, Hammond et al.'s (27) CSH study increased the specificity of the results by selecting for probe-sets (only perfectly matched probes were considered) with probes that possess increased sequence conservation between the reference and target species. Spotsets with increased sequence conservation were empirically detected by genomic DNA (gDNA) hybridization of the target species to the microarray of the reference species, prior to the RNA CSH. Then, based on the gDNA hybridization efficiency, they selected for perfectly matched spot-sets, in which at least one probe hybridized to the target species DNA with an intensity that was above an arbitrary threshold. This enabled the identification of all spot-sets that might hybridize to the target species transcripts with increased specificity, thereby providing an empirical assessment of the hybridization specificity of the examined CSH system.
Empirical means for detecting hybridization specificity at the microarray level. To cope with the complexity of specificity at the microarray level, theoretical studies at the probe level (to characterize specificity at its most basic level) have been combined with empirical studies at the microarray level of specificity (the level at which the results are usually extracted).
One such example is a study by Chen et al. (34) , who hybridized one target sequence to multiple probes representing gene-family members. Microarray hybridization was empirically quantified at the microarray level, whereas 12 potential effectors of hybridization specificity at the probe level (such as probe length, probe and target GC content, percent sequence identity and overlap length between probe and target sequences) were modeled and their influence on the microarray results determined. Three multivariate statistical models (multiple linear regression, regression trees and artificial neural networks analysis) were used to quantify nonspecific hybridization. They found that the most contiguous base pairs between probe and target sequences (i.e. pairing segments) and the target GC content, more than percent sequence identity, were the prominent effectors of specificity.
Thus, both modeling and empirical approaches have demonstrated the ability to identify specificity effectors and quantify their effects on hybridization specificity. Nevertheless, for effective improvement of microarray data specificity, a rational filtration of the data, based on specificity effectors, which includes those originating from highly specific hybridization and excludes those originating from low-or nonspecific hybridization, should be applied. In the next section, we present some studies that filtered hybridization data to include only those with increased specificity, thus improving the specificity of the microarray results.
Filtration of hybridization data
In this section, we discuss the filtration of hybridization data which, based on filtration for specificity effectors, is aimed at increasing hybridization specificity. Here, the type of microarray (i.e. short-oligo or cDNA) is referred to in each of the studies; this is because for short oligoarrays (e.g. Affymetrix), filtration tools are particularly well developed (detailed below) relative to those for cDNA arrays. In addition, we indicate the basis for the filtration, i.e. whether it is based on results of modeling or quantification of specificity effectors, results of an empirical approach for the determination of hybridization specificity or results of homology searches.
Filtration of hybridization data at the spot level. For increased specificity, filtration based on a signal is better done at the spot-set or microarray levels (rather than at the single probe level), to facilitate comparative measurements of hybridization efficiency (i.e. hybridization may not be efficient for a single spot due to, for example, an air bubble at that particular site). However, one study did filter hybridization data at the spot level. This was not done solely on a spot signal, but rather, on spot characteristics. In this study (31) , spot characteristics of a cDNA array were demonstrated to be correlative to the level of matching between probe and target molecule (see details above). Hence, by filtering for spot characteristics, the filtering was for the level of matching, as an effector of specificity. This filtration produced improved clustering for two of the three examined experiments, involving SSH and CSH, enhancing the validity of the results. It was suggested that if a model were developed for specificity effects on spot characteristics, it could then lead to filtration of the data, with the ability to carefully control, via spot characteristics, the measure of hybridization specificity.
Filtration of hybridization data at the spot-set level. As already mentioned, the feature of a spot-set, which includes PM and MM probes, has been accompanied by the extensive development of tools for filtration-forspecificity (e.g. for Affymetrix microarrays), which is facilitated by the level of matching between probe and target molecule. Generally, three main normalization and filtration methods (RMA, dChip and MAS5) are used to correct for nonspecific hybridization of Affymetrix data (http://www.affymetrix.com/). For example, the RMA method is based on a statistical approach to the filtration of Affymetrix probe-sets: Irizarry et al. (55) suggested that mathematical subtraction of the MM probe intensity from the corresponding, paired PM probe intensity (as done in e.g. MAS5), does not translate to biological subtraction. Rather, use of only the PM values was advised, while accounting for the observed variation in intensity between the different spots within a probe-set.
Hammond et al. (27) filtered Affymetrix data based on an empirical approach. Based on the efficiency of gDNA hybridization (study detailed above), they selected PM probes of probe-sets in which at least one PM probe hybridized to the target species DNA with an intensity above an arbitrary threshold. CSH of Brassica RNA enabled filtering out data for PM probes that had low specificity, i.e. with gDNA hybridization levels below the chosen threshold.
Filtration of hybridization data at the microarray level. Filtration of hybridization data at the microarray level of specificity should rely on an effector that takes into consideration the hybridization specificity of all probes, spots and spot-sets (i.e. a microarray level effector). One such effector is the level of matching between probe and target molecule: although matching is absolutely determined, the cutoff used in filtering for increased specificity is determined relative to whole-microarray matching results. Two examples of such studies follow.
In one, the levels of matching between two different cDNA microarray platforms and between probe sequences and genomic data were determined, to identify probes that possess a high level of sequence similarity between reference microarray probes and target-species molecules, for CSH. This sequence-similarity-based filtration led to improved matching of CSH and SSH transcriptomic results (28) .
The second example of filtration for increased specificity at the microarray level, based on homology searches, was shown to be applicable to both cDNA arrays and oligoarrays. Flikka et al. (65) developed a tool for the detection of potential cross-hybridizations for DNA microarrays. The tool compares probe sequences with an extensive sequence database representing the transcriptome of the target species, followed by filtration of probes based on probe length and sequence-comparison results.
CONCLUDING REMARKS
In this review, we characterize microarray-hybridization specificity by defining its different levels, counting effectors of specificity and presenting several approaches, via example studies, aimed at improving hybridization specificity.
Nevertheless, several aspects of hybridization specificity may complicate its modeling and quantification and accordingly, data filtration. This complexity is made up of three dimensions (i.e. specificity levels, specificity effectors and the procedural stage at which a steady state is reached).
The measure of specificity, however, does not stand alone. Rather, other measures of microarray hybridization, namely accuracy, sensitivity and reproducibility, affect the obtained results. Moreover, these measures are associated with, and may be influenced by hybridization specificity: in the case of low hybridization specificity, the signal is subject to the presence of nontarget molecules, in addition to target molecules. The presence of nontarget molecules increases the complexity of the hybridization such that during a particular hybridization reaction, different molecules have different kinetics of hybridization. As a result, the results' accuracy [i.e. the degree of conformity of the measured quantity to its actual (true) value] may be lower. Once the accuracy is lower for a single hybridization reaction, the reproducibility between hybridization reactions, each with reduced accuracy, is expected to be lower. Association of lower specificity with lower reproducibility has been demonstrated by, e.g. BarOr et al. (31) . Reduced specificity may also leads to reduced sensitivity: probe-binding affinity is reduced with reduced specificity, leading to reduced sensitivity (47) . Also, sensitivity is affected by the solid microarray surface (10, 11) ; including, in a model, a probe molecule tethered to a solid microarray surface enhanced modeling of microarray hybridization specificity (13) .
To conclude, before using microarray hybridization experimentally, the issue of microarray-hybridization specificity should be thoroughly considered. First, a certain degree of specificity may be chosen in advance, before beginning the study. Second, to obtain this degree of specificity, specificity should be controlled. 'Controlled specificity' may be achieved by including many of the specificity effectors while designing the probes, and conducting hybridization and posthybridization reactions with filtering of the obtained results. Since specificity is interconnected with the other microarray hybridization measures of accuracy, sensitivity and reproducibility, effectors of all measures should be considered for probe design and filtration. It might be that only effectors combination, each as a weighted parameter, will confer a desired specificity, accuracy, sensitivity and reproducibility for a particular study.
